Abstract-Electrophoretic display (EPD) is one of the most prominent technologies used in electronic paper. EPDs have good paper-like readability in ambient sunlight, and their bistability characteristics allow them to use very little power. To understand the physical mechanism at work in EPDs in terms of optical phenomena and current responses, we investigated EPD charging behavior using a transient current, an intermediate-state current, a discharge current, and a current bump. After establishing the microcup EPD model, we developed recommendations for a shortened transition time. As our experiments show, the method can reduce the transition time by 20%.
I. INTRODUCTION
L IQUID CRYSTAL displays (LCDs) are widely used in consumer electronics because they possess several advantages, including a high frame rate sufficient for playing videos, high brightness, high contrast, high color saturation, and lightweight [1] - [3] . However, LCDs suffer from glare under sunlight, a narrow viewing angle, and low reflectance. Additionally, LCDs consume more power and are less stress-resistant in comparison to electrophoretic displays (EPDs). For these reasons, EPDs have become popular in electronic paper (e-paper) applications.
Research on EPDs has largely focused on manufacturing [4] , image stability [5] , [6] , and image quality [7] . Bert and Smet described the dissociation of surfactants, as shown in Fig. 1 (a) [8] . Yoshio and Tetsuo studied the formation of charged species during electrophoretic deposition, which enables pigments to become positively or negatively charged according to the functional groups [9] . Croucher and Hair described how surfactants provide long-term colloidal stability to the dispersion [10] . Bert and Smet described how the formation of micelles stabilizes the charged species in a non-polar solvent [11] . Upon being dissolved in solvent, surfactants dissociate themselves. Some of the dissociated ions adhere to the surface of pigments and become charged dispersed particles, as shown in Fig. 1(b) , while others form micelles, as shown in Fig. 1(c) . The charged shells help to prevent flocculation of dispersed particles, which thus increases the dispersion stability [12] . However, the presence of too many unadsorbed ions would compress the electric double layers [13] , which would negatively affect the dispersiveness of the suspensions. Bert and Smet performed several studies of current response from 2003 to 2006 involving both dispersed particles and micelles in e-paper [14] - [16] . Roberts demonstrated how reverse micelles affect the electrostatic charging of non-polar colloids [17] , and Chen described particle charge, mobility, and zeta potential in non-polar colloids [18] . However, our understanding of the physical mechanism of an EPD is incomplete. Few studies have been performed to examine internal charge behaviors. While applying an external electrical field, both charged particles and charged micelles would contribute to a transient current in an EPD device. However, only the motion of charged particles would change the optical states (reflectance). As a result, by synchronizing the optical response with the current behaviors, the motions of charged particles and charged micelles can be distinguished.
The optical contrast of an EPD is varied by manipulating the positions of electrically charged particles inside the solvent. For instance, a microcup EPD reveals a white state, while white particles with positive charges are attracted to the upper oppositely charged electrode. The microcup EPD reveals a black state when particles are repelled from the upper charged electrode. Light is absorbed by the black fluid inside a microcup EPD. However, the dispersed particles are not the only contributors to current that make the system more complex and difficult to control. This work aims to describe the physical mechanism 1551-319X © 2013 IEEE of particle transition inside an EPD in terms of optical and current behaviors. Furthermore, with an understanding of the behavior of particles, we propose a driving method to reduce the transition time for practical applications.
II. TESTING THE PHYSICAL MECHANISM OF PARTICLE TRANSITION

A. Setup
Both current and optical responses are analyzed to understand the physical mechanism of particle transition in this paper. The experimental setup is shown in Fig. 2 . The light source was a He-Ne laser with a wavelength of 632.8 nm. The gray level (lightness) was modulated by controlling the input of electric waveforms from the driving box. The Lambertian reflected light was captured by a photo-diode to quantify gray levels. Simultaneously, the current response was acquired by a current meter.
B. Current and Optical Responses in an EPD
When a pulse voltage of 30 V with a 300 ms duration is applied, the EPD does not show an immediate optical response. The time from the application of voltage to a 10% variation in optical response is defined as the wake-up time (WUT). This duration is interpreted as the time required for differences in lightness to be perceived.
Based on the dominant contributors from particles, micelles or dissociated ions, the current response was divided into three parts, including a transient current (stage I), an intermediate state current (stage II), and a discharge current (stage III), as shown in Fig. 3 .
When an external field of a 300 ms, 30 V pulse voltage was applied, the transient current (stage I) responded instantly, whereas the optical response remained almost unchanged. This indicates that the transient current peak is mostly dominated by micelles and surfactant dissociation instead of by dispersed particles, as shown in Fig. 4(b) . With a continuously applied external electric field, the ions and other charged species accumulated at the electrode, and a space charge region was formed, as shown in Fig. 4(c) . This region did not contribute to the current; also, this region screened out the applied voltage, which resulted in a decrease in transient current [19] .
At stage II, a bump (maximum current amplitude in stage II) appeared after the wake-up time in the intermediate-state current accompanying the steepest optical response. This indicated that dispersed particles had moved to the opposite electrode, as shown in Fig. 4(d) . Consequently, the dominant contributor of the current bump in stage II was the dispersed particles.
After releasing the applied voltage, the optical response did not drop, but a reverse current peak appeared at the beginning of stage III. This implies that the induced internal electric field inside the microcup pushed the lighter dissociated ions and micelles away from the electrodes, whereas the heavier charged particles remained in the same position within the induced electric field, as shown in Fig. 4 (e) and (f).
In the following section, these assumptions are tested and verified for both the optical and current responses, using different waveforms with the same current trends.
C. Current Bump With Various Pulse Widths
Four different pulse widths (100, 150, 200, and 300 ms) of a 30 V applied voltage were designed and applied to a microcup EPD. The relationships between optical response and current behavior, including current bumps with different pulse widths, are shown in Fig. 5 ; the solid and dashed lines represent optical response (OR) and current response, respectively. The experimental results [ Fig. 5(a) ] illustrated the following.
1) Different pulse widths had the same wake-up time (approximately 90 ms). This shows that the charges received identical strength during the preceding 100 ms of all four applied widths. 2) Current bumps with different pulse widths were fixed at the same moment (approximately 180 ms). Moreover, the current bump always occurred after the wake-up time, with a dramatic increase in optical response. That is, the current bump came from the movement of dispersed particles, as assumed in the previous section. Therefore, the optical response curves for the 100 ms (blue curve) and 150 ms (green curve) pulse widths did not reach an extreme white state because the pulse widths of the applied voltages were not long enough to completely drive particles out. Thus, the bump did not happen in the cases of the 100 ms (blue curve) and 150 ms (green curve) pulse widths. 3) When a pulse width was longer, surfactant dissociation rose accordingly and resulted in a higher discharge peak current, as shown in stage III. The experimental results indicate that both the transient current (stage I) and discharge current peaks (stage III) were generated by micelles or ions due to the retained optical response. The longer the pulse width, the greater the amount of surfactant molecules dissociated, and the larger the internal electric field induced. Thus, the discharge current peak for the 300 ms pulse width was larger than the peaks for 200 ms, 150 ms, and 100 ms. Furthermore, the amplitude of the discharge current peak was less than half of the transient-current peak. This indicates that most of the ions and micelles remained near the electrode and helped to maintain EPD bistability, while some of the ions and micelles were pushed away and were recombined by an internal-induced electric field. The reverse voltage experiment provided similar experimental results, as shown in Fig. 5(b) . The major difference from the opposite magnitude experiments was that the wake-up times of the white state to the dark state were approximately 60 ms, 30 ms shorter than the dark state to white state transition shown in Fig. 5(a) . This might result from the absorption of light from the dark suspension. In the white state, the white particles are close to the top electrode, and lightness variation is more easily perceived when particles move to the opposite electrode. In contrast, in the dark state, dispersed particles are closer to the bottom electrode. Because the suspension is dark, the lightness might be undetectable until the dispersed particles move toward the top electrode and reach a threshold distance along the z-axis, as shown in Fig. 6 . Therefore, the transition from white to dark state was shorter in response to the applied voltage. In other words, a shorter wake-up time was needed. Nevertheless, the largest change in the optical response occurred at the bump position.
The single-pulse experiment was critical for understanding the motion of charge materials inside a microcup EPD. However, the driving waveforms were generally combined by a series of pulses. In the following section, the optical and current responses are further studied using various driving waveforms.
D. Current Bump With Antisymmetric Waveforms
To further understand the correlation between bump position and optical response, a series of antisymmetric voltage waveforms were designed. An interesting phenomenon was observed in this experiment: there was no current bump when applying an opposite electric field (the second pulse), as shown in both Fig. 7(a) and (b) . The current response results are compared with a single pulse voltage applied to an EPD, as shown in Fig. 3 . The transient peak current (peak A) at the first pulse and the discharge peak current (peak C) at the second phase of an antisymmetric waveform have almost the same current magnitude as that obtained by applying a single pulse voltage (0.14 mA and 0.04 mA, respectively), as shown in Fig. 3 . These results verify that the transient and discharge currents are mostly produced by surfactant disassociation. The current magnitude would be the same regardless of the applied voltages, as discussed in part ii of Section C. However, the current (0.18 mA) of peak B was 28% larger than the first transient current of peak A (0.14 mA). Peak B was almost equal to the sum of transient peak A and the bump in magnitude. Consequently, we speculated that peak B represents the superposition of currents contributed from both dispersed particles and ions.
For a single pulse, as mentioned in Section B, the dispersed particles and ions moved to the negatively charged electrode when a voltage was applied. After releasing the voltage, ions were pushed away from the electrode by a repulsive force from an induced internal electric field. After the relaxation time, as more ions left the electrode, spaces around the particles formed, i.e., particles felt less repulsive force from neighboring charges. In the antisymmetric waveform, however, there was no removal voltage in the second phase; a reverse voltage was observed instead. At this moment, the electric force from the induced internal and the applied external electric fields were in the same direction. These two electric forces accelerated the charged materials, just as hurried people might push each other while leaving a musical concert. Therefore, the positive dispersed particles were pushed and instantly moved to the new negative electrode by the surrounding positive ions when the applied voltage was reversed. This explained the higher current amplitude of peak B compared to that of peak A, and it implied that a bump can hide inside peak B, as we speculated in the last paragraph.
If this speculation is true, the current bump will emerge again when there is enough time for ion relaxation. A new waveform was consequently designed to provide increased ion relaxation, as described in the next section.
E. Antisymmetric Waveforms With an in-Between Inserted Duration
To verify that a bump is buried in peak B and that the higher peak B current amplitude comes from the sum of a discharge current of the first phase (lack of relaxation time) and a transient current in the second phase, antisymmetric waveforms separated by various durations were designed, as shown in Fig. 8 . If the duration provides charges with enough relaxation time, the bump in the second phase is expected to appear again.
Four durations were tested, including ms, 300 ms, 500 ms, and 1000 ms. Fig. 9(a) shows that the current bump emerges after 500 ms. The wake-up time shows the same trend in Table I . Below 500 ms, the wake-up time grew longer as duration increased; it reached a stable value after 500 ms. This implies that shorter durations lead to a shorter transition time with less ion relaxation. The reverse voltage experiment gave similar results, as shown in Fig. 9(b) . This indicates the appearance of the bump is related not just to the degree of ion relaxation but also the length of the wake-up time and transition time. Moreover, the wake-up time was almost zero with a zero pulse duration (antisymmetric waveform as shown in Fig. 7) ; this could provide a way to shorten the driving time.
Four pulses of the second phase in Fig. 9 (a) were shifted and grouped together, as shown in Fig. 10 . The current bump gradually appeared when duration time was increased. This suggests that the bump was buried in the second pulse. Additionally, when the duration was long enough (500 ms in this experiment) for ion relaxation, the current bump emerged. This also suggests that, if the bump were to appear earlier due to the use of a different voltage waveform, the optical response time could be shortened.
III. APPLICATION
The current bump represented the moment of lightness transition to an extreme state, as mentioned in Section C. The antisymmetric waveform reduced the transition time in Section D. The optical response time was reduced if the bump appeared earlier due to the use of different reverse voltage waveforms, as shown in Section E. Combining these three experimental results, a waveform for shortening the transition time was designed, as shown in Fig. 11 . A short reverse pulse was inserted before the original one, which reduced the optical response time of the extreme state transition. The reverse pulse should not change the original optical state; the optical response remained the same amplitude with the reverse pulse, so the waveform can be shortened without changing the lightness.
A comparison of the 300 ms pulse and the proposed waveform (a 20 ms negative pulse width inserted before the 300 ms positive pulse width) is shown in Fig. 12(a) . The experimental results showed the designed waveform reduces the transition time by 50 ms. Additionally, the total driving time was reduced from 250 ms to 200 ms (a 20% improvement). The inverse experiment gave similar results, as shown in Fig. 12(b) . The designed waveform successfully reduced the transition time by 20%, which means that in experiment part D, the speed of the charged species was greater due to the addition of an internal electric field and an applied field, as shown in Fig. 13 .
IV. CONCLUSION
The physical mechanism of the motion of charged species inside a microcup EPD was established and verified. Current responses, as well as optical responses, were observed to decipher the transition mechanism. The experiments showed that the presence or absence of a current bump did not depend on the widths of the applied voltages (as shown in the experiments using a single pulse voltage) but instead depended on the duration between the previous and present pulse (as shown in the experiment using an asymmetric pulse voltage). Moreover, the timing of the current bump also indicated the degree of ion relaxation inside the cell. We also observed that a current bump was caused by the rapid motion of dispersed particles. Therefore, the appearance of a current bump can serve as an indicator of optical response. For certain applications, the width of the total waveform could be shortened by finding ways to make the bump appear earlier. To this end, we propose an antisymmetric pulse voltage waveform that would reduce the transition time by 20%.
